Introduction
HIV-positive individuals are potentially at high risk of renal disease due to the harmful combination of exposure to HIV itself [1, 2] , co-infections [3] , immune suppression [4] , use of nephrotoxic drugs [5, 6] and various traditional renal risk factors such as diabetes, smoking and hypertension [7, 8] . Earlier studies have shown that HIV-positive individuals on combination antiretroviral treatment (cART) preserve renal function better than those not on cART [9, 10] . cART has further been shown to reduce the incidence of HIV-associated nephropathy (HIVAN) [11] , and its discontinuation has been associated with progression to end-stage renal disease (ESRD) [12] . In addition, several studies, including work from the Data collection on Adverse events of Anti-HIV Drugs Study (D:A:D), have identified an association between exposure to several antiretroviral drugs including tenofovir (TDF), ritonavir-boosted atazanavir (ATV/r) and lopinavir/r (LPV/r) and increased risk of moderate levels of renal impairment including moderate chronic kidney disease (CKD) [6, 9, [13] [14] [15] [16] [17] . The independent contribution of these antiretrovirals towards the development of more severe CKD levels such as advanced CKD and ESRD has not been explored in detail.
Most studies of more severe CKD levels in HIV-positive individuals have focused on populations of African ancestry, where the high ESRD incidence is partly explained by a genetic predisposition related to polymorphisms at the APOL1/MYH9 locus rendering them at high risk of HIVAN [1, 2, 7] . In contrast, the factors contributing to ESRD in HIV-positive individuals of nonAfrican ancestry are less well understood.
The aim of this analysis was to assess predictors of advanced CKD and ESRD in a large heterogeneous cohort, focusing on exposure to antiretroviral drugs with known nephrotoxic potential.
Methods

Study population
The D:A:D study is a prospective cohort collaboration established in 1999 following more than 49 000 HIV-1positive persons in Europe, USA and Australia; details have been published previously [18] . Data on predefined clinical events including ESRD, myocardial infarction, stroke, invasive cardiovascular procedures and death is collected in real-time during routine clinical care, validated centrally and regularly monitored. In addition, information including demographic factors, ART, laboratory values, cardiovascular risk factors and AIDS events is collected electronically at enrolment and every 6 months.
Outcome definitions
The primary endpoint investigated was advanced CKD or ESRD, as these conditions likely share a common risk profile. Advanced CKD was defined according to the National Kidney Foundation as two consecutive measurements more than 3 months apart of estimated glomerular filtration rate (eGFR) 30 ml/min [19] . ESRD events are reported to the D:A:D coordinating office using a designated case report form, and defined as dialysis lasting at least 3 months or performance of renal transplantation (more information at www.cphiv.dk). The ESRD form also contains information on the presumed underlying disease aetiology. All ESRD events are centrally adjudicated blinded to the patient's ART and reviewed by an independent nephrologist. The Cockcroft-Gault equation, without correction for body surface area [20, 21] , was used to calculate creatinine clearance, referred to as eGFR in this analysis. The choice of the Cockcroft-Gault equation was based on restrictions on ancestry information in several of the participating cohorts.
Statistical methods
This analysis included persons under follow-up with at least three eGFR measurements after February 2004 (the date that systematic creatinine collection began) and without prevalent advanced CKD or ESRD at baseline. Individuals were followed from baseline (first eGFR after February 2004) until the first of advanced CKD, ESRD, 6 months after the last clinical visit or February 2012.
Incidence rates of advanced CKD/ESRD overall and stratified by the presence of factors significant in multivariate analysis were calculated per 1000 person years of follow-up (PYFU). Kaplan-Meier estimation was used to determine the proportions progressing to advanced CKD/ ESRD over time. Poisson regression models were used to investigate antiretroviral drug discontinuation rates in relation to the latest (i.e. current) eGFR level, and to quantify the relationship between advanced CKD/ESRD and exposure to known nephrotoxic antiretroviral drug as well as other potential risk factors.
Exposure to individual antiretroviral drugs was investigated by inclusion of the following agents with a previously reported nephrotoxic potential: TDF, ATV/r, ATV, LPV/r, and other boosted protease inhibitors (other PI/r) [6, 9, [13] [14] [15] [16] [17] 22] . Indinavir use after 2004 was limited and its use was added only to account for possible confounding.
A number of exploratory analyses were carried out to determine the best way to fit antiretroviral drug exposure. For the primary model antiretroviral drug exposure was fitted categorically; never exposed, exposed and currently on drug, exposed and currently off drug.
Models were adjusted for antiretroviral drug exposure, non-antiretroviral risk factors and potential confounders of known relevance for renal impairment; all variables which changed after baseline were included as time-updated values in the primary analysis. Models were adjusted for demographic variables (age, sex, ethnicity and enrolment cohort), traditional renal risk factors [smoking status, hypertension (blood pressure >150/100 mmHg or use of antihypertensive treatment), diabetes (use of antidiabetic treatment or verification in a case report form [8] )], cardiovascular events (CVE; myocardial infarction, invasive cardiovascular procedure or stroke verified in a case report form [18] Interactions between current CD4 þ cell count and the most common traditional renal risk factors such as diabetes and hypertension [23] [24] [25] were also investigated.
Sensitivity analyses
Several sensitivity analyses were performed to investigate the robustness of our findings. Antiretroviral drug use was time-lagged by 3, 6 and 12 months to investigate whether any potential associations were missed by assuming antiretroviral drug toxicity ended when exposure was discontinued. A second sensitivity analysis, stratified by baseline eGFR > or 60 ml/min, assessed if there was any differences in potential antiretroviral drug associations among those with impaired eGFR.
An additional sensitivity analysis with an endpoint of allcause mortality was conducted using Poisson regression models to allow for competing risks.
All statistical analyses were carried out using SAS version 9.3 (Statistical Analysis Software, Cary, North Carolina, USA).
Results
A total of 49 731 persons were under follow-up in D:A:D. After exclusion of 81 persons (0.2%) with prevalent advanced CKD, 17 with ESRD (<0.1%), 5260 without follow-up after 2004 (10.6%) and 9181 with insufficient number of eGFR measurement (18.6%), 35 192 persons were included. Those included had a higher viral load, were less likely to have had prior AIDS, CVE or HCV, and less likely to be intravenous drug users (IDUs), current smokers, diabetic, or off ART.
Patient characteristics
Among those included 48.1% were whites and 43.0% of unknown ancestry. 73.9% were men, and the median age at baseline was 41 (inter-quartile range, IQR [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] years. The median CD4 þ cell count was 436 (IQR 289-620) cells/ml and the majority (74.0%) had a normal baseline eGFR according to the National Kidney Foundation Classification [19] (Table 1) .
Advanced chronic kidney disease/end-stage renal disease incidence and characteristics A total of 135 persons (0.4%) developed advanced CKD (n ¼ 114)/ESRD (n ¼ 21) during 200 119 PYFU, with an overall incidence rate of 0.67 [95% confidence interval (95% CI), 0.56-0.79]/1000 PYFU. The median length of follow-up in the study was 6.2 years (IQR 4.1-7.6). The incidence rate for those at low risk of renal disease that is with baseline eGFR more than 60 and no diabetes, hypertension or current smoking was 0.16 (95% CI, 0.09-0.26)/1000 PYFU. Furthermore, individuals developing ESRD were older than those developing advanced CKD [median age 59 (IQR 48-69) vs. 48 (IQR 43-54) years].
Of the 21 persons with ESRD, 20 received continuous dialysis (hemodialysis n ¼ 16 and peritoneal dialysis n ¼ 4) and one had a renal transplantation. The underlying aetiology and histology findings were HIVAN (n ¼ 4), tubulo/interstitial nephritis (n ¼ 3), IgA-nephropathy (n ¼ 2), mesangio/membrano-proliferative glomerulonephritis (n ¼ 2), amyloidosis (n ¼ 1), diabetic glomerulosclerosis (n ¼ 1), global glomerulosclerosis (n ¼ 1), unspecified glomerulonephritis (n ¼ 1), obstruction/renal-TB (n ¼ 1), polycystic kidney disease (n ¼ 1) and unknown (n ¼ 4). Fourteen of the 21 persons (66.7%) had had a biopsy-verified diagnosis.
Progression to advanced chronic kidney disease/end-stage renal disease At 5 years after baseline an estimated 0.32% (95% CI, 0.26-0.38%) had progressed to advanced CKD/ESRD using Kaplan-Meier estimation ( Fig. 1) . A higher proportion developed advanced CKD at 5 years [0.26% (95% CI, 0.20-0.32%)] compared with ESRD [0.06% (95% CI, 0.03-0.09%)]. Among those with baseline eGFR 60 ml/min, 6.6% (95% CI, 5.0-8.2%) were estimated to have progressed to advanced CKD/ESRD at 5 years compared with only 0.07% (95% CI, 0.03-0.10%) for those with baseline eGFR >90 ml/min.
Antiretroviral drugs switches
The adjusted rates of switching away from all included antiretroviral drugs increased as eGFR declined, but was especially marked for TDF ( Fig. 2 ).
Associations of antiretroviral drug use with advanced chronic kidney disease/end-stage renal disease In fully adjusted models, individuals previously exposed, but currently off TDF had similar rates of advanced CKD/ESRD compared with individuals unexposed to TDF [adjusted incidence rate ratio 1.00 (95% CI, 0.66-1.51)]. In contrast, individuals exposed, and currently on TDF had a reduced rate of advanced CKD/ESRD compared with those unexposed [0.23 (95% CI, 0.13-0.41)] ( Table 2) .
For all other included antiretroviral drugs no consistent or significant associations were seen between their current or previous use and advanced CKD/ESRD in adjusted models ( Table 2) . Neither recent antiretroviral drug use (i.e. the time-lagged analysis) nor stratifying by baseline eGFR 60 ml/min altered these findings. The association between ATV/r use and advanced CKD/ESRD was significant among those with eGFR 60 ml/min, but the confidence intervals overlapped with those of our primary analysis and an analysis of interaction between ATV/r and eGFR > or 60 ml/min was not statistically significant. Analyses treating death as a competing risk were highly consistent (data not shown). (Fig. 3) . The association between current CD4 þ cell count and advanced CKD/ESRD was further explored and revealed a strong gradient with a crude incidence rate of 2.42 (95% CI, 1.60-3.25)/1000 PYFU for current CD4 þ cell counts 200 cells/ml and 0.38 (95% CI, 0.2726-0.50) for current CD4 þ cell count >500 cells/ml.
Discussion
This is the largest long-term study to date to investigate predictors of advanced CKD/ESRD and associations with antiretroviral drug previously shown to be associated with moderate CKD [6, 9, [14] [15] [16] [17] . With a median followup exceeding 6 years, we found no strong or statistically significantly increased advanced CKD/ESRD incidence for current or recent antiretroviral drug exposure.
Incidence
The observed relatively low incidence of advanced CKD/ ESRD in D:A:D is between two and 14 times lower than the estimates reported in US studies among HIV-positive persons, and likely reflects the demographic constitution (primarily relatively young, Caucasian individuals) of the D:A:D study population, the relatively low prevalence of several common renal risk factors such as diabetes and hypertension [7, 9, 24, 26] and follow-up in the current modern cART era.
Rates of progression from moderate CKD to ESRD in the general HIV-negative population are reported to be more than five times lower during a similar duration of follow-up compared with rates seen among the D:A:D study participants in this study [35] . Antiretroviral drug associations with advanced chronic kidney disease/end-stage renal disease Although associations between several antiretroviral drugs and moderate CKD levels have been confirmed in numerous studies [6, 9, [14] [15] [16] [17] , few prospective studies have investigated these associations with more severe CKD. Bansi et al. found no association between cART status (binary fitted) and HIV-associated ESRD among persons of primarily African ancestry in a large UK study with follow-up until 2007 [27] . Similar findings were reported from other European and US studies, although these differed in study population, antiretroviral drugs and endpoints included, and were underpowered to explore antiretroviral drug associations in detail [9, 28] . This analysis is therefore the first to provide a comprehensive investigation of the association between potentially nephrotoxic antiretroviral drugs and severe levels of CKD.
There are a number of potential explanations for the lack of an observed antiretroviral drug association with advanced CKD/ESRD in this analysis.
Interventions
We showed that switches away from antiretroviral drugs with nephrotoxic potential were increasingly common at declining eGFR levels, indicating appropriate clinical assessment and interventions for at-risk individuals. The antiretroviral drugs in use at or around the time of advanced CKD/ESRD are highly likely to be confounded by indication. In particular, persons remaining on TDF with severely impaired eGFR most likely reflect a highly selected group with a more favourable renal risk profile compared with those never exposed to TDF.
Sensitivity analyses using recent and cumulative antiretroviral drug exposure were also performed, without revealing any consistently clear associations. Clinical management of persons with declining eGFR make studying associations between antiretroviral drug use and advanced CKD/ESRD difficult. The possibility that such relations exists in populations without access to regular eGFR screening can therefore not be excluded.
Follow-up duration
Urolithiasis is known to predict a two-fold increased ESRD hazard in the general population [29] . As several antiretroviral drugs including ATV/r are known for their potential to cause urolithiasis [30] , one would expect to eventually see an association between these antiretroviral drugs and ESRD. In this and other studies [9, 28] , we were, however limited by several of these antiretroviral drugs only being introduced into care more recently (LPV/r in 2000 [31] , TDF in 2001 [32] and ATV in 2003 [33] ).
In a recent D:A:D analysis, Smith et al. [34] found no indication of increased mortality rates over time related to renal disease. The fact that the observed associations between certain antiretroviral drugs and moderate CKD levels [6, 9, [14] [15] [16] [17] does not currently translate into either advanced CKD/ESRD nor mortality may reflect appropriate clinical management, or that longer follow-up among those developing moderate CKD is required for such relationships to emerge.
We can therefore not rule out that such clinical issues with use of antiretroviral drugs may arise once these drugs have been used more extensively and in HIV-populations with higher underlying risk of renal impairment than currently seen in D:A:D.
Finally, it also may be possible that the overall contribution of these antiretroviral drugs on CKD is only modest and therefore not significant contributors to advanced CKD/ESRD.
Other factors associated with advanced chronic kidney disease/end-stage renal disease Current CD4 þ cell count is a well described predictor of moderate and advanced CKD/ESRD [4, 6, 9, 24, 27, 28] . It is a common belief that chronic inflammation plays a central role for this association, although many unanswered questions on the exact underlying pathogenesis remain [4] . Maintaining cART adherence and high levels of immune function over time therefore also remains crucial for HIV-positive individuals to minimize the risk of severe levels of CKD. Interestingly, neither nadir CD4 þ , viral load or prior AIDS was significantly associated with advanced CKD/ESRD after accounting for other HIV-related factors in particular the current CD4 þ cell count. Other studies have identified both higher viral load and prior AIDS as risk factors for ESRD [7, 9, 24] , but adjusting for CD4 þ cell count only at baseline in such studies and our generally well treated study population with a relatively low proportion of persons of known African ancestry may explain these differences [1, 2, 7, 27] .
Diabetes and hypertension are among the most common general causes for ESRD [23] [24] [25] . The strong associations seen in this analysis was somewhat higher than found in another HIV-study [24] , but in similar ranges as in the background population [25, 36] . Medapalli et al. [37] found evidence that the combination of HIV and diabetes significantly increased risk of progressive CKD. In our analysis, we did not find an interaction between current CD4 þ cell count, diabetes or hypertension (all P > 0.1). Smoking is seldom considered as a potential renal risk factor in studies among HIV-positive individuals [7, 24, 27, 38] , but our finding is consistent with observations in the general population [25, 36] . These findings, together with the extremely low incidence in persons without diabetes, hypertension or smoking highlight the need of a continued focus on diagnosing and treating modifiable risk factors for CKD in HIVpositive individuals. In contrast to many other studies in both HIV-positive and negative individuals, we found no significant association with CVE after accounting for other traditional risk factors [24, 28, 36] . Not all of these other studies required equally strong evidence of CVE, which in D:A:D are centrally adjudicated and reviewed by a cardiologist. Conversely, the prevalence of CVE at baseline in our analysis was relatively low.
IDU as mode of HIV-transmission was marginally associated with advanced CKD/ESRD in our analysis, whilst there was no association with HCV co-infection.
This contrasts with what has been shown by others [9, 24, 38] and may be related to the relatively high proportions of persons with an unknown HCV status in our analysis.
Baseline eGFR was, as expected, a strong advanced CKD/ESRD predictor [9, 24, 28] , and underlines its continued value for screening. Although age traditionally predicts moderate CKD [39] , it was not associated with advanced CKD/ESRD after adjusting for eGFR, which declines proportionally with age and captures some of this effect. Others have reported similar findings in both HIVpositive and negative populations, possibly reflecting the competing risk of death for advanced CKD/ESRD among older persons with low eGFR [27, 40] .
Strengths and limitations
The major strength of this study, compared to others, is its size, that it is based on lengthy follow-up in a recent cART era, includes other renal disorders than HIVAN, includes persons of various ethnicities, uses centrally adjudicated exploratory variables and outcomes and assesses association with individual antiretroviral drugs.
The limitations of our study should also be considered. As advanced CKD/ESRD takes a relatively long time to develop and is relatively rare, longer follow-up may be required to fully understand the relationship with longterm antiretroviral drug exposure. The reference category used for antiretroviral exposure was those never having started the individual antiretroviral drug of interest. For the PIs included in this analysis, this category would, therefore potentially also include persons with exposure to other PIs with a potentially different advanced CKD/ ESRD risk (i.e. for LPV/r persons with previous ATV/r exposure). Because of the comparatively small number of events and cross over between categories, we were unfortunately not able to stratify the 'never started' categories further to investigate such trends.
In addition, we could not adjust for other nephrotoxic non-antiretroviral drugs, presence of proteinuria and a family history of CKD, which may represent unmeasured confounding. Exclusion due to no follow-up after 2004 and inadequate number of eGFR measurements may have introduced selection bias. Excluded persons were more likely to be current smokers, have diabetes or CVE, with an expected higher advanced CKD/ESRD incidence. A relatively high proportion of persons with unknown HCV status may have reduced our ability to show an association with advanced CKD/ESRD as found by others [9, 24, 38] . Finally, Caucasians (both HIV-positive and negative) have a lower ESRD incidence compared with individuals of African ancestry [26, 27, 41] , possibly related to less aggressive disease progression [26, 41] . Unfortunately, restrictions on collection on ancestry information in a number of participating cohorts limited our power to investigate this.
Conclusion
This is the largest study to date with long-term follow-up addressing the clinical impact of suspected nephrotoxic antiretroviral drugs on severe levels of chronic renal impairment. Neither current nor recent antiretroviral drug use was associated with advanced CKD/ESRD. Our findings suggest that appropriate clinical management of persons with decreasing eGFR, including switching away from antiretroviral drugs with nephrotoxic potential, may explain the lack of such associations, and thereby complicates any such analyses. We cannot exclude that such associations may well be demonstrated in populations without access to regular eGFR screening and with more extensive antiretroviral drug use in populations with higher underlying renal risks. The main determinants of advanced CKD/ESRD were traditional renal risk factors and lower current CD4 þ cell count.
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